Immunoblotting (also known as Western blotting) combined with digital image analysis can be a reliable method for analyzing the abundance of proteins and protein modifications, but not every immunoblot-analysis combination produces an accurate result. I illustrate how sample preparation, protocol implementation, detection scheme, and normalization approach profoundly affect the quantitative performance of immunoblotting. This study implemented diagnostic experiments that assess an immunoblot-analysis workflow for accuracy and precision. The results showed that ignoring such diagnostics can lead to pseudoquantitative immunoblot data that markedly overestimate or underestimate true differences in protein abundance.
INTRODUCTION
Among the most indispensible tools in cell signaling research is the immunoblot. The premise of immunoblotting is simple, but execution is tricky, and there are many variations in the method that can affect the outcome (1) . Add quantitation to the end of an immunoblot and the complexity of implementations increases even further. Surprisingly, there are few objective studies on quantitative immunoblotting in the primary literature (2, 3) . Lacking a systematic assessment of key factors, researchers are prone to repeat or reinforce mistakes that others have made before them.
Here, I analyze how various methodological choices affect the ability to perform quantitative immunoblotting accurately and precisely. The analysis revealed how seemingly minor variations affect immunoblot linearity and reproducibility, yielding pseudoquantitative numbers that are not directly proportional to the input material. After background subtraction, quantitative immunoblots should strive for zero-intercept linearity: y = bx, where y is the quantified band intensity, x is the abundance of the protein or modification state in the sample, and b is a proportionality coefficient. The value of b is flexible, but lines with nonzero intercepts indicate errors in background subtraction, and nonlinear relationships suggest problems with detection sensitivity or saturation. Either scenario will yield fold change estimates that are skewed relative to the true differences among samples.
Throughout this work, I systematically altered several experimental parameters that are often neglected or overlooked when immunoblotting. Many other parameters were kept fixed: All gels were run as 15-well, 1.5-mm-thick, tris-glycine minigels on a Bio-Rad Protean III platform; all wet electrophoretic transfers were done onto low-autofluorescence, 0.45-mm polyvinylidene difluoride (PVDF) under modified conditions of Towbin et al. (4) (25 mM tris, 192 mM glycine, 0.0375% SDS, and 10% methanol unless otherwise indicated); detection was performed on either a LI-COR Odyssey instrument (for fluorescence detection) or a Bio-Rad ChemiDoc MP gel imager (for chemiluminescence detection); and quantitation of raw 16-bit digital images was implemented with the ImageJ gel analysis plug-in (5) . Using film to perform quantitative immunoblotting was avoided entirely, because the dynamic range of film is so small that quantitative analysis is virtually impossible (3) . Film can make small differences in abundance appear as large differences in band intensity. When saturated, film exposures can also hide sample-to-sample variations in high-abundance proteins such as loading controls. Therefore, throughout this study, all data were acquired as digital images. The diagnostic experiments shown here can be easily adapted for other hardware and reagent configurations.
RESULTS

Sample preparation: A critical factor for quantitative immunoblotting
The conditions of cell lysis have a profound impact on the proteins that are extracted and the condition in which they are preserved. For example, lysis of cells or tissues with purely nonionic detergents (Triton X-100 or NP-40) causes some proteins to partition into the soluble and insoluble (pellet) fractions after centrifugation. Radioimmunoprecipitation assay (RIPA) buffer-containing dilute SDS (a denaturing detergent) and deoxycholate (a disruptor of protein-protein interactions)-is widely used as a lysis buffer for whole-cell extraction. Nonetheless, RIPA buffer lysis still generates an insoluble fraction with major protein constituents from the cytoskeleton and extracellular matrix (6) .
To test how RIPA lysis conditions affected immunoblotting results, I lysed HT-29 human colon adenocarcinoma cells in RIPA buffer, boiled the RIPA-insoluble pellet in an equal volume of dithiothreitol-containing Laemmli sample buffer (7) , and then immunoblotted for 20 different protein targets. As expected, RIPA lysis buffer efficiently solubilized many cytoplasmic proteins [glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and heat shock protein 90 (Hsp90)] and signaling proteins [inhibitor of nuclear factor kB a (IkBa) and various kinases] (Fig. 1, A and B) . RIPA buffer also extracted the cytoskeletal and cytoskeleton-associated proteins, actin and focal adhesion kinase (FAK). However, tubulin and intermediate filament proteins (lamin A and KRT5) showed substantial losses into the RIPAinsoluble fraction (Fig. 1C) . Remarkably, RIPA insolubility was not limited to cytoskeletal proteins: the transcription factor GATA2 and the cell-cell adhesion protein b-catenin were also present in the insoluble fraction. In contrast, lysis with Laemmli sample buffer, followed by shearing of the viscous genomic DNAwith a high-gauge needle, solubilized proteins that are tightly associated with DNA, such as histones (Fig. 1D ). Despite rules of thumb for protein solubility in various lysis buffers (6), these results show that it is best to confirm proper solubilization of proteins of interest before embarking on an immunoblot study.
If 10 to 30% of a protein were consistently lost in the insoluble fraction, then the choice of lysis conditions would not be critical. However, specific proteins can shift between soluble and insoluble fractions in a stimulus-dependent manner. As an example, I activated the FAS death receptor in MCF10A-5E human breast epithelial cells (8) and lysed the cells in NP-40 buffer Department of Biomedical Engineering, University of Virginia, Charlottesville, VA 22908, USA. E-mail: kjanes@virginia.edu (lacking SDS and deoxycholate), RIPA buffer, or Laemmli sample buffer. Although the cleavage of caspase-3 was readily detected in all three preparations ( Fig. 2A) , cleaved forms of caspase-8 were only detected in Laemmli sample buffer (Fig. 2B) . Thus, quantitative measures of caspase-8 processing would require the Laemmli preparation for accurate results (9) (10) (11) . My laboratory has found that similar precautions are required for monitoring regulated changes in intermediate-filament proteins (12), such as KRT5 (Fig. 1C) . Regulated oligomeric or polymeric protein assemblies may be particularly susceptible to differential partitioning between soluble and insoluble fractions.
The stability and posttranslational modifications of lysate proteins are also affected by the activity of co-mingling cellular enzymes, such as proteases and phosphatases. These enzymes are usually blocked with inhibitors that are supplemented into nondenaturing lysis buffers, but the SDS and deoxycholate in RIPA are sometimes assumed to inactivate most cellular enzymes. I tested how effectively RIPA and NP-40 buffers inhibited protein phosphatases by omitting from both buffers the Ser-Thr phosphatase inhibitor microcystin-LR (13) and the Tyr phosphatase inhibitor orthovanadate (14) . I lysed parallel cultures of AC16 ventricular cardiomyocytes (15) and immunoblotted for multiple phosphorylation sites along the Akt-glycogen synthase kinase-3 (GSK3)-glycogen synthase (GS) signaling axis (Fig. 3, A to D) . For these phosphoproteins, the addition of phosphatase inhibitors was more critical in RIPA buffer than in the nondenaturing NP-40 buffer. The extent of sensitivity depended strongly on the phosphorylation site, with 
Assessing immunoblot protocols by serial dilution
For immunoblotting, a single protocol that is optimal for all electrophoresis transfer setups and detection methods does not exist. However, the quantitative accuracy and dynamic range of any protocol can be assessed using a serial dilution of cell extract and a panel of primary antibodies. As an example, I sought to determine wet-transfer conditions (specifically, methanol concentration) that enabled quantitative detection of most target proteins. Here, the transfer buffer always included 10% methanol (see Materials and Methods), but other protocols use 20% methanol according to the original conditions of Towbin et al. (4) . Although immunoblot bands are brighter and crisper with the higher methanol concentration, how methanol percentage affects quantitative accuracy and dynamic range of immunoblot band intensities is unknown.
Using HT-29 cell extracts, I performed an extended twofold serial dilution from a grossly overloaded sample (200 mg of extract) to one below the limit of detection (100 ng of extract). Two replicate gels were transferred in buffer containing 10 or 20% methanol, and then membranes were probed for seven different targets (file S1). For actin and p38, I found that detection was linear up to 50 mg of total protein, irrespective of the methanol concentration (Fig. 4, A and B) . This zero-intercept linearity is ideal, because band density is directly proportional to input material without the need to refer to a calibration curve. By contrast, Hsp90 and tubulin showed a hyperbolic saturation under both transfer conditions with less than 25 mg of total protein (Fig. 4, C and D) . Saturation can result from steric crowding of antibody epitopes, quenching of fluorescently labeled secondary antibodies, or oxidation of enzyme-conjugated secondary antibodies. Regardless of the source, band densities in this regime no longer provide a linear estimate of sample abundance, and calibration is required to obtain accurate measurements. The improved transfer of proteins in 20% methanol appeared to shift the detection of multiple targets from a linear regime to one of hyperbolic saturation (Fig. 4 , E to G). The results from this diagnostic study indicated that the lower methanol concentration was preferred for my immunoblot protocol.
Similar comparisons have also caused my laboratory to favor fluorescencebased detection over chemiluminescence whenever possible. I compared the linearity of IRDye-conjugated secondary antibodies to horseradish peroxidase conjugates that were incubated with an enhanced chemiluminescence (ECL) cocktail (16) or a commercial substrate marketed for high-sensitivity applications (file S2). Under the same immunoblotting conditions, chemiluminescent exposures consistently yielded stronger band densities (Fig. 5, A to C) . However, the linear dynamic range was very limited, and signals often decreased at high protein inputs (Fig. 5C ). This can occur when side products of the peroxidase-catalyzed reaction are oxidized and precipitated, causing the membrane to "brown out" and absorb the emitted photons. Titrating down the amount of protein or primary antibody can avoid the problem, provided that the researcher is aware of it.
Optimizing loading controls
Arguably, the biggest source of confusion in quantitative immunoblotting is the role of protein loading and loading controls (17) . Normalizing for cell numbers across samples is challenging, because it is difficult to estimate changes in cell proliferation and death under different conditions. Such estimates also do not account for variations in initial seeding density and final lysate volumes, which will affect the observed protein abundance. Consequently, immunoblot samples are often prepared according to total cellular protein (18, 19) , assuming that the average protein content per cell is constant across the different conditions.
To complement total protein estimates, immunoblots typically include loading control proteins, which provide a secondary check that roughly equal amounts of cellular material have been added. Two key assumptions of the loading control are that (i) its abundance is roughly constant across the different conditions, and (ii) its immunoblot band intensity is linearly reflective of its abundance. However, a single loading control may not fulfill both of these assumptions (2) .
If total cellular protein can be quantified accurately, then total protein is loaded equivalently across samples, and one or two loading controls suffice as a qualitative confirmation of overall protein abundance (20) (21) (22) . Conversely, if the total cellular protein is not known or cannot be determined accurately, then the input must be normalized to some estimate of protein loading. A common approach found in the literature is to normalize by only one loading control, but this scaling is highly problematic. Taking one unknown quantity (the protein of interest) and dividing it by another unknown quantity (a single loading control) creates a number with very poor statistical properties, including an undefined mean. The dangers of single-variable normalization have long been recognized in data from microarrays (23) and quantitative polymerase chain reaction (PCR) (24) , but not in data from immunoblotting. A solution is to aggregate the band intensities from multiple loading controls, calculating a mean estimate of total cellular content that is less sensitive to the technical or biological fluctuations of a single loading control (12, 25) .
To demonstrate the utility of multiprotein normalization, I immunoblotted for linker phosphorylation of Smad2 on Ser 245/250/255 (p-Smad2 linker) in MCF10A-5E cells that had been stimulated with transforming growth factor-b (TGFb) (file S3). Under these conditions, Smad2 linker phosphorylation is mediated by cyclin-dependent kinases (CDKs) (26) , so cells were additionally pretreated with or without the pan-CDK inhibitor flavopiridol (27) . The TGFb stimulation ± flavopiridol inhibition experiment was performed in biological quadruplicate to assess reproducibility of p-Smad2 linker quantification. Lacking any total protein normalization, p-Smad2 linker densitometry was variable, with flavopiridol producing only a marginally significant decrease in phosphorylation (Fig. 6 , A and B). To improve reproducibility, I blotted the same membrane for five potential loading controls: total Smad2, tubulin, Hsp90, GAPDH, and p38. The antibodies for these proteins are from various hosts and yield single immunoreactive bands under the blotting conditions used here. The properties of the antibodies and the detected control proteins enabled multiplex detection of loading controls together with p-Smad2 linker or after a single round of membrane stripping (see Materials and Methods).
Upon quantifying band densities in ImageJ, I compared the reproducibility of p-Smad2 linker after normalization to all possible combinations of loading controls: 2 5 = 32 combinations. For single loading control normalization, the effect on replicate-to-replicate reproducibility heavily depended on the choice of loading control. Normalizing to GAPDH decreased the p-Smad2 linker coefficient of variation by more than twofold (21 to 9%), but normalizing to tubulin had virtually no effect (Fig. 6C ). This does not imply that GAPDH is always a good loading control or that tubulin is always a bad one; rather, it emphasizes the danger of relying on a single measured variable to estimate total protein content. As higher-order combinations of loading controls were tested as normalizers, I found that the coefficient of variation of p-Smad2 linker steadily improved toward 7 to 8%, consistent with values reported previously (10, 11) . This reproducibility became less dependent on the specific combination of loading controls (note the shrinking error bars in Fig. 6C ), indicating that I had converged on a measure of cellular content per lane that was truly representative. With all five loading controls, both the TGFb-induced stimulation of p-Smad2 linker and its inhibition by flavopiridol were highly significant (Fig. 6D) .
Others have noted that many common loading controls are abundant proteins (for example, tubulin) that result in saturated band intensities under the conditions needed to detect proteins or modification states of interest (2) . On the basis of the results with the serial dilutions ( Fig. 4D ), saturation is probably the reason why tubulin worked poorly as a loading control for p-Smad2 linker in this setting (Fig. 6B ). However, in the context of multiple loading controls that are averaged, a saturated loading control negligibly affects normalization because of its reduced sample-tosample variation. An alternative strategy is to prepare a separate set of immunoblot lanes with decreased protein content for loading controls (2). However, normalizing from different lanes will miss lane-specific irregularities in sample preparation or electrophoretic transfer, which can be minimized with good technique but not eliminated. A possible alternative to multiple loading controls is to use reversible total protein stains that are compatible with PVDF membranes (such as MemCode or Ponceau S). For a PVDF-compatible stain to be useful, it must be quantitative for total cellular protein (directly proportional or, at least, hyperbolically saturating), and it must not interfere with the subsequent immunoblot. I tested two total protein stains that can be reversibly applied to PVDF membranes: MemCode Reversible Protein Stain (commercially available from Thermo Scientific) and Ponceau S (28) . MemCode yielded a strong blue banding pattern that was readily detected by white-light epi-illumination and a chargecoupled device (CCD) camera (fig. S1A). Using a blank region of the PVDF membrane to define a background for subtraction, I found that total MemCode band intensity increased hyperbolically with zero intercept over a relevant range of lysate amounts ( fig. S1B) . However, the staining procedure markedly increased the 700-channel background fluorescence of the membrane, and this background was not removed by the recommended stain removal (erasing) procedure (fig. S1C). Although potentially useful for immunoblots detected by chemiluminescence, MemCode is not suitable for two-color fluorescence detection.
I uncovered a different set of problems with Ponceau S. Compared to MemCode, the red Ponceau S stain was not as efficiently detected by the CCD camera ( fig. S1, A and D) . However, its image densitometry was linear as a function of lysate amount, and there was no background fluorescence caused by Ponceau S staining or erasure ( fig. S1 , E to G). Ponceau S appeared to fill all the requirements for a total protein stain, except for one major drawback-the zero intercept of its densitometry could not be accurately estimated from a blank region of the PVDF membrane ( fig. S1D, lane  B) , causing a negative bias of~10,000 intensity units ( fig. S1E ). Without a lysate calibration curve to estimate this bias on a PVDF membrane, I concluded that Ponceau S cannot be used for relative protein quantification. When immunoblotting for phosphoproteins, there are additional complications with erasing Ponceau S from PVDF membranes, because the alkaline conditions for erasure will chemically modify phosphorylated Ser and Thr residues (29) .
Given these data with the reversible total protein stains, accurate quantitation of immunoblot data should adopt the best practices of quantitative PCR (24) and use an assortment of three or more loading controls, spanning a range of abundances, when direct total protein measures are lacking. To minimize cost and effort, my laboratory detects constitutively produced proteins with high-affinity antibodies that work reliably at low concentrations (25 to 100 ng/ml), yield single immunoreactive bands, and thus are ideal for multiplexing (see Materials and Methods; Table 1 ).
Stripping, reprobing, and the total protein control
Aside from loading controls for total cellular content, immunoblots that quantify protein modification states should contain an additional control: an immunoblot for the total protein. This control serves to gauge how much of the observed change in protein modification can be explained by differences in target abundance. For rapid experiments that are expected to avoid protein turnover and synthesis (such as the one shown in Fig. 6 ), the total protein control can additionally contribute to a panel of loading controls if changes in band intensity are clearly cofluctuating with other loading controls. However, for comparisons on long time scales, across different cell types, or with rapid protein turnover, the total protein control is specifically important on its own and may not be a reliable indicator of loading.
A common way to estimate target protein abundance from a modification-specific immunoblot is to strip the membrane of antibody and then reprobe with an antibody that recognizes the total protein (or at least the unmodified form). Essential to this approach is confirming that the stripping conditions have fully removed the original modificationspecific antibody from the membrane of choice (PVDF or nitrocellulose). If not, the reprobed blot will show artifacts from the residual first antibody. As an example, I acutely stimulated AC16 cells with epidermal growth factor (EGF) for 5 min and immunoblotted for phosphorylated ERK1/2 (p-ERK1/2) with an antibody that is difficult to remove. Technical replicates of the same two lysates showed good reproducibility in the observed EGF-stimulated induction of p-ERK1/2, and loading controls were consistent across the membrane (Fig. 7A) . After cutting the membrane into thirds, I tested three stripping conditions: (i) a gentle low-pH glycine buffer solution [1.5% glycine (pH 2.2), 0.1% SDS, and 1% Tween], (ii) a more stringent guanidinium solution (6 M guanidine-HCl) (30) , and (iii) a high-stringency SDS plus b-mercaptoethanol solution with heat [62.5 mM tris (pH 6.8), 2% SDS, and 100 mM b-mercaptoethanol at 50°C] (31). The stripped membranes were blocked identically and reprobed for total ERK1/2 along with three additional loading controls. Reprobed membranes were imaged and displayed identically to emphasize differences in the immunoblot signal detected (Fig. 7B) .
The experiment revealed that the low-pH glycine strip was ineffective at removing the antibodies. Indeed, "total" ERK1/2 looked identical to p-ERK1/2, and there was even residual GAPDH antibody staining. By contrast, the guanidinium strip removed most of the GAPDH antibody but left a clear p-ERK1/2 artifact in the total ERK1/2 reprobe, with increased staining in the +EGF lane. The SDS plus b-mercaptoethanol strip completely removed the GAPDH antibody and yielded the closest approximation of total ERK1/2 abundance, although with substantial loss of total protein from the membrane based on the immunoreactivity of the three additional loading controls (compare the glycine-stripped membrane to the membrane stripped with SDS plus b-mercaptoethanol). Moreover, after SDS plus b-mercaptoethanol stripping, the total ERK1/2 bands still showed an artifactual increase in the EGF-treated sample. To avoid the need to strip and reprobe the same blot, an alternative is to use two-color fluorescence detection with phosphorylation-specific and total antibodies that are raised in different hosts and against different epitopes (Fig. 7C) . Another option is to measure total target protein by immunoblotting a replicate set of samples and confirming that the matched loading controls are comparable to those in the modification-specific immunoblot (Fig. 7D) .
Advanced quantitative immunoblotting: Absolute quantification
For some computational models of biochemical networks, the absolute abundances of specific cellular proteins are needed (32, 33) . Such applications require explicit calibration using proper absolute standards on the same immunoblot. For the cellular proteins of interest, appropriate standards are purified recombinant proteins, which have been calibrated against a purified protein of known mass. 16 Fig. 4 , immunoblotted for the indicated proteins, and imaged by IRDye fluorescence, ECL, or SuperSignal West Femto chemiluminescence as described (12, 16, 45, 46) . Linear fits are shown in gray when the hyperbolic model is not significantly better than the linear model for that imaging condition. Linear fits are shown in red when the linear fit of the associated imaging condition is significantly better than that of the other imaging conditions. Hyperbolic fits are shown in green when the hyperbolic model is significantly better than the linear model for that imaging condition. Data are interpolated in blue when neither the linear nor the hyperbolic model provides a better fit. All model comparisons were done by the F test at an FDR of 5% (n = 4 to 8 dilutions). See file S2 for raw images and calculations.
To illustrate this process, I quantified the absolute masses of ERK2 and p38 (per 25 mg of cellular extract) in HT-29 and AC16 cells (file S4). Absolute quantification enabled ERK2-p38 comparisons within each cell line as well as between cell lines.
Recombinant ERK2 and p38 proteins were cloned, purified, and quantified by protein assay. Using a known mass of bovine serum albumin (obtained as a calibrated standard from a protein assay kit), a standard curve was constructed by running serially diluted bovine serum albumin on a polyacrylamide gel alongside recombinant glutathione S-transferase (GST)-tagged purified ERK2 and p38 (22) (Fig. 8A) . The gel was then stained with Coomassie blue and scanned for its near-infrared fluorescence (34) , yielding a digital image for densitometry in ImageJ (see Materials and Methods). To accommodate some degree of band saturation and improve the dynamic range of detection, I fit the protein band intensities to a simple hyperbolic curve:
with two free parameters (a and b) that were estimated by least-squares regression. The modeled fit captured all of the albumin standards and enabled mapping the measured GST-ERK2 and GST-p38 band densities to total protein amount (Fig. 8B) . Dividing by the volume of sample loaded into the gel resulted in an estimated concentration of full-length protein in the recombinant preparation. Size separation of the recombinant protein before quantification is critically important, because purified preparations often contain cleavage products that add to total protein but are not immunoreactive. Commercial vendors of recombinant protein may simply quantify total protein (full length plus fragments that are not useful for calibration), ultimately resulting in an overestimation of cellular protein. For calibration, one should also remember that unknown samples must fall between calibration samples that are well fit by the linear or hyperbolic curve. Samples that fall outside the calibration range will cause the linear or hyperbolic equation to make extrapolations that could be highly inaccurate.
Before making comparisons between cell lines, I verified that loading the same total mass of HT-29 and AC16 extract gave approximately equivalent band intensities for several loading controls (Fig. 8C ). Hsp90 abundance was higher (per total mass) in HT-29 cells, whereas vinculin and tubulin were higher in AC16 cells, and GAPDH and actin were approximately equal. The uncorrelated abundance of these "housekeeping proteins" suggests that the cell extracts can be fairly compared on a total protein basis. The results further reinforced the importance of using multiple loading controls.
To quantify the protein of interest in cellular extracts, I ran the calibrated standards and the extracts alongside one another and blotted with an antibody that detects both the recombinant protein and the protein of interest (Fig. 8, D to G). Note that the ERK2 calibration cannot be used to quantify the ERK1 band at 44 kD because of differences in the immunoreactive epitope. In addition, a mass correction is needed to account for the size difference between the GST-tagged recombinant protein and the endogenous protein, because immunoblotting quantifies antigen independently of its mass (the correction is 42/69 for ERK2 and 38/65 for p38; Fig. 8, E and G) . This analysis showed that AC16 cells had greater than sevenfold more ERK2 protein compared to HT-29 cells, despite only about twofold difference in band intensity (Fig. 8E) . The limited difference in band intensity was due to the saturation of the ERK2 immunoblot at high protein concentrations, which was captured by the calibration curve. ERK2 abundance in AC16 cells was also high compared to the abundance of p38, which had a concentration that was an order of magnitude lower (Fig. 8G) . Although laborious, this type of absolute quantification can be done systematically for multiple cellular proteins and provide new insight into signaling function (35) .
DISCUSSION
Just because we can put numbers on an image does not imply that we should-a quantified biomolecule should relate directly to the true quantity of that biomolecule if it is to be meaningful (8, (36) (37) (38) (39) (40) . What are the implications of pseudoquantitative immunoblotting? When chemiluminescence is used cavalierly, there is a danger of wildly exaggerated claims. For example, a twofold change in Hsp90 abundance might appear as a fivefold change in the intensity of the band on an immunoblot (compare the ECL values for~6 and~3 mg in Fig. 5B) . A twofold change in GAPDH abundance could be "quantified" as a >20-fold change on the basis of band intensity (compare the ECL values for 25 and~13 mg in Fig. 5C ). This makes numerical results look very impressive, but the truth is still a twofold change in abundance.
With fluorescence detection, there is not the danger of a runaway reaction, but a persistent concern is saturation (Fig. 4) . Saturated immunoblots do not overestimate a change in protein; instead, they can substantially underestimate it. To demonstrate, I plotted dilutions of an unstimulated and stimulated extract for a theoretical immunoblot band that is hyperbolically saturated (Fig. 9 ). There is a clear threefold change in abundance when the target is immunoblotted under conditions where the linear approximation is accurate (<10 mg of extract in this example). However, overloading the gel with 50 mg of extract reduces the difference to 1.4-fold. This type of dampening has led some to conclude that fluorescence detection is not sensitive compared to chemiluminescence (especially on film). However, the comparison is not fair if the 1.4-fold difference in antibody binding has been exaggerated by a nonlinear chemiluminescent reaction (Fig. 5, B and C) .
The analysis here also illustrated that quantifying phosphorylation-specific immunoblots as a "phosphorylated-to-total ratio" is fraught with both numerical complications (Fig. 6 ) and potential experimental artifacts (Fig. 7) . The ratio is further prone to be misinterpreted as a phosphorylation stoichiometry, which cannot be calculated in experiments that use different antibodies to detect the phosphorylated and total protein because of differences in antibody affinity. Calculating phosphorylation stoichiometry by immunoblotting requires electrophoretic conditions that separate the phosphorylated and total forms by mobility (41) . Modification stoichiometry can be critical under certain conditions (42) , but there are also examples where increases in total protein have affected signal flow (43) . Considering these caveats, my conclusion is that phosphorylated-to-total ratios based on stripped and reprobed membranes should be avoided with immunoblot data.
A major challenge in evaluating the immunoblot data of others is that publications and manuscripts will often omit details on acquisition that are considered "routine." Those details matter, because the evaluation criteria of an immunoblot detected by film are different than those of an immunoblot detected by fluorescence. When such information is missing, readers and reviewers can distinguish a film exposure by the hazy gray of the background and the blurred borders of bands resulting from the flatbed optical scan of a film at arbitrarily high resolution (44) . Digitally acquired immunoblots will often have a whiter background with crisper bands that may appear pixelated because of binning on a CCD camera or the step size of a fluorescence scanner. Although some may find them less aesthetically appealing, digitally acquired images provide the more accurate representation of band intensity and its relationship to sample abundance. The message of this research resource is not that chemiluminescence cannot be quantitative or that film exposures are always inappropriate. Rather, I want to convey that with numbers comes great responsibility. There are straightforward ways to diagnose immunoblot accuracy (Figs. 4, 5, and 8 ) and precision (Fig. 6) . We should all be encouraged to complete these diagnostics on our own targets and immunoblot setups before diving in to generate "real data." The stakes are simply too high to do otherwise.
MATERIALS AND METHODS
Cell lines, stimulation, and lysis
HT-29 cells were obtained from the American Type Culture Collection and maintained as recommended. The 5E clone of MCF10A cells was isolated and maintained as previously described (8) . AC16 cells (15) were purchased from M. Davidson (Columbia University) and maintained in Dulbecco's modified Eagle's medium/F-12 medium (Life Technologies) plus 12.5% tetracycline-free fetal bovine serum (Clontech) and penicillin-streptomycin (Gibco).
Cells were stimulated with the indicated concentrations of anti-APO-1-3 cross-linking antibody (Axxora), TGFb (PeproTech), or EGF (PeproTech) for the indicated times, washed with ice-cold PBS (phosphate-buffered saline), and then lysed in RIPA buffer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA supplemented with aprotinin (10 mg/ml), leupeptin (10 mg/ml), pepstatin (1 mg/ml), 1 mM phenylmethylsulfonyl fluoride (PMSF), microcystin-LR (1 mg/ml), and 200 mM sodium orthovanadate], NP-40 buffer [50 mM tris-HCl (pH 8.0), 150 mM NaCl, 0.5% NP-40 substitute, 5 mM EDTA supplemented with aprotinin (10 mg/ml), leupeptin (10 mg/ml), pepstatin (1 mg/ml), 1 mM PMSF, microcystin-LR (1 mg/ml), and 200 mM sodium orthovanadate], or dithiothreitol-containing Laemmli sample buffer [62.5 mM tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 100 mM dithiothreitol, and 0.01% bromophenol blue]. Laemmli sample buffer lyses were performed at room temperature to avoid precipitating the SDS, and viscosity of these lysates was reduced by passing them vigorously through a 25-gauge needle 5 to 10 times. For RIPA and NP-40 lysates, protein concentrations were determined with the bicinchoninic acid assay (Thermo Fisher Scientific).
For solubilization comparisons (Fig. 1) , HT-29 cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors as described above. After incubation on ice and centrifugation, the RIPA-insoluble pellet was boiled for 5 min in an equivalent volume of dithiothreitol-containing Laemmli sample buffer.
Immunoblotting: Polyacrylamide gel electrophoresis
Immunoblotting was performed as described (12, 45, 46) , but the details of the implementation will be elaborated upon here. Samples were prepared in dithiothreitol-containing Laemmli sample buffer to a total volume of 20 or 40 ml. Polyacrylamide gels (8, 10, 12 , or 15%) of 1.5-mm thickness were cast according to (1) , and samples were electrophoresed in tris-glycine running buffer (25 mM tris base, 250 mM glycine, and 0.1% SDS) at 130 V until the dye front reached the end of the gel.
Immunoblotting: Electrophoretic transfer
Proteins from the polyacrylamide gel were transferred to a PVDF membrane (Millipore; Immobilon-FL, 0.45-mm thickness) in a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) under modified conditions of Towbin et al. (4) (25 mM tris, 192 mM glycine, 0.0375% SDS, and 10% methanol unless otherwise indicated). Transfers were electrophoresed at 100 V for 1 hour under ambient conditions with an ice block in the transfer tank and the transfer tank surrounded by ice.
Immunoblotting: Membrane blocking
After transfer, the molecular weight markers on the membrane were overwritten with a lead pencil (to provide 700-channel fluorescence), and the membrane was blocked with 0.5× blocking buffer: Odyssey blocking buffer (LI-COR; #927-40000) diluted in an equal volume of PBS. Although not observed for the immunoblots here, some phosphorylation site-specific antibodies can be competed away from their target epitopes with PBS buffers. In this circumstance, the 0.5× blocking buffer should be prepared with Odyssey blocking buffer (LI-COR; # 927-50000) and diluted in an equal volume of tris-buffered saline (TBS) throughout the procedure. TBS buffers were also used for the fluorescence-chemiluminescence comparison (Fig.  5 ). All blocking steps used a surface-to-volume ratio of 5-ml 0.5× blocking solution per 2 ¾-inch × 3 ¼-inch membrane from a 15-well minigel. The membrane and 0.5× blocking solution were sealed in a plastic bag and incubated on a rotating platform for 1 hour at room temperature.
Immunoblotting: Antibody probing
After blocking, membranes were incubated with 0.5× blocking solution + 0.1% Tween 20 containing primary antibodies recognizing the proteins or epitopes listed in Table 1 . All primary antibody steps used a surface-to-volume ratio of 5-ml primary antibody solution per 2 ¾-inch × 3 ¼-inch membrane from a 15-well minigel. The membrane and primary antibody solution were sealed in a plastic bag and incubated on a rotating platform overnight at 4°C.
Antibody pairs raised in different species were routinely multiplexed when using two-color fluorescence detection. In addition, primary antibodies with negligible off-target bands could be multiplexed in the same detection channel if the molecular weights of their protein targets could be -fold, whereas the relative change at fivefold higher loading is only 1.4-fold (36%).
clearly resolved from one another. This single-color multiplexing enabled concurrent detection of multiple loading controls. Common primary singlechannel combinations included antibodies recognizing tubulin (50 kD) + GAPDH (36 kD), Hsp90 (90 kD) + p38 (38 kD), vinculin (120 kD) + actin (42 kD), and vinculin (120 kD) + tubulin (50 kD) + GAPDH (36 kD).
Immunoblotting: Fluorescence detection
Membranes were removed from primary antibody solution and washed on a rocking platform for 4 × 5 min in~25 ml of PBS + 0.1% Tween 20 (PBS-T). After washing, membranes were incubated with 0.5× blocking solution + 0.1% Tween 20 + 0.01% SDS containing one or more of the following secondary antibodies: IRDye 800CW-conjugated goat anti-rabbit (LI-COR; #926-32211, 1:20,000), IRDye 800CW-conjugated goat anti-mouse (LI-COR; #926-32210, 1:20,000), IRDye 680-conjugated goat anti-rabbit (LI-COR; #926-32221, 1:20,000), IRDye 680LT-conjugated goat antimouse (LI-COR; #926-68020, 1:20,000), and IRDye 680LT-conjugated donkey anti-chicken (LI-COR; #926-68028, 1:20,000). All secondary antibody steps used a surface-to-volume ratio of 5-ml primary antibody solution per 2 ¾-inch × 3 ¼-inch membrane from a 15-well minigel. The membrane and secondary antibody solution were sealed in a plastic bag and incubated on a rotating platform for 1 hour at room temperature.
Membranes were removed from secondary antibody solution and washed on a rocking platform for 4 × 5 min in~25 ml of PBS-T. To remove residual Tween 20, which is highly autofluorescent upon 700-nm excitation, the membrane was washed for 5 min in~25 ml of PBS before scanning. Fluorescence images were obtained on an Odyssey infrared scanner (LI-COR) at 169-mm resolution and 0-mm focus offset. Fluorescence channel intensities ranged from 5.0 to 8.5 depending on the immunoblot.
Immunoblotting: Chemiluminescence detection
Membranes were removed from primary antibody solution and washed on a rocking platform for 4 × 5 min in~25 ml of TBS + 0.1% Tween 20 (TBS-T). After washing, membranes were incubated with 0.5× blocking solution + 0.1% Tween 20 containing horseradish peroxidase-conjugated goat antirabbit (Jackson ImmunoResearch; #111-035-144, 1:10,000) or anti-mouse (Jackson ImmunoResearch; #115-035-146, 1:10,000). All secondary antibody steps used a surface-to-volume ratio of 5-ml primary antibody solution per 2 ¾-inch × 3 ¼-inch membrane from a 15-well minigel. The membrane and secondary antibody solution were sealed in a plastic bag and incubated on a rotating platform for 1 hour at room temperature.
Membranes were removed from secondary antibody solution and washed on a rocking platform for 4 × 5 min in~25 ml of TBS-T. To enable a fair comparison with fluorescence detection, the membrane was washed for 5 min in~25 ml of TBS before exposing. Membranes were covered with an ECL solution composed of 1.25 mM luminol, 2 mM 4-iodophenylboronic acid, and 0.0162% H 2 O 2 (16) . Alternatively, membranes were covered with SuperSignal West Femto reagent according to the manufacturer's instructions (Thermo Fisher Scientific). Chemiluminescent exposures were captured on a ChemiDoc MP gel imager (Bio-Rad) with "Chemi Hi Resolution" settings (2 × 2 camera binning). Exposure times were set manually to fill the bit depth of the CCD camera without saturating any binned pixels.
Immunoblotting: Stripping and reprobing
For the low-pH glycine strip, membranes were incubated with low-pH glycine buffer solution [1.5% glycine (pH 2.2), 0.1% SDS, and 1% Tween] for 2 × 10 min at room temperature on a rocking platform. The stripped membranes were washed 2 × 10 min in~25 ml of PBS before blocking and immunodetection as described above. For the guanidinium strip, membranes were incubated with 6 M guanidine-HCl for 10 min at room temperature on a rocking platform, followed by a 5-min wash with PBS before blocking and immunodetection as described above. For the SDS plus b-mercaptoethanol strip, membranes were incubated with SDS plus b-mercaptoethanol solution [62.5 mM tris (pH 6.8), 2% SDS, and 100 mM b-mercaptoethanol] and incubated in a dry-air oven at 50°C for 30 min with occasional agitation by hand. Stripped membranes were washed 3 × 5 min in~25 ml of PBS before blocking and immunodetection as described above.
Total protein staining after electrophoretic transfer PVDF membranes were stained for total protein with MemCode Reversible Protein Stain (Thermo Scientific) according to the manufacturer's recommendations. Erasure of the MemCode stain was performed with the Eraser/ Methanol solution for 20 min. For total protein staining with Ponceau S, membranes were incubated with 0.1% (w/v) Ponceau S in 5% acetic acid for 5 min and washed 2 × 5 min in 10% acetic acid, followed by washes of 5 min in 100% methanol and 5 min in a 70:30:4 volume ratio of methanol, acetic acid, and PEG-400 (polyethylene glycol, molecular weight 400). For erasing, Ponceau S-stained membranes were treated with 0.1 N NaOH for 30 s and washed with running deionized water for 2 min.
For both total protein stains, digital images were captured on a ChemiDoc MP gel imager (Bio-Rad) with "Colorimetric" settings (2 × 2 camera binning). Fluorescence images were obtained on an Odyssey infrared scanner (LI-COR) at 169-mm resolution and 0-mm focus offset, with a 700-channel intensity of 5.0 and an 800-channel intensity of 8.0.
Coomassie staining and digital image acquisition
Polyacrylamide gels were stained with 0.1% (w/v) Coomassie blue R-250 in 40% methanol and 10% glacial acetic acid on a rocking platform for 1 hour at room temperature and then destained for several hours with 30% methanol + 10% glacial acetic acid until the background was acceptable. The stained gel was scanned on an Odyssey infrared scanner (LI-COR) at 169-mm resolution and 0.5-mm focus offset for 700-channel fluorescence.
Image densitometry
Raw 16-bit TIFs (tagged image files) were opened in ImageJ (5) and rotated to align immunoblot bands horizontally in the window. The rectangle tool was then used to select lanes containing the band of interest. The width of the lane rectangle was drawn as wide as possible without causing overlap with bands from adjacent lanes. The height of the lane rectangle was drawn long enough to get a sample of the local background surrounding the band of interest. Lane profiles were plotted with the gel analysis plug-in, and background was subtracted by connecting the background intensity profiles to the left (top) and the right (bottom) of the band of interest by using the line tool. Last, the magic-wand tool was used to calculate the integrated area within the band profile of interest and obtain the final raw densitometry value.
Recombinant protein purification
Recombinant GST-ERK2 and GST-p38 were prepared by glutathione affinity chromatography in RIPL cells (Stratagene) as described (22) .
Statistical analysis
Serial dilutions were fit to linear or hyperbolic models by least-squares regression in IGOR Pro (WaveMetrics). The c 2 statistic from each model fit was used together with the number of data points and the number of fitted parameters (one for the linear model and two for the hypergeometric model) to calculate an F statistic that compares goodness of fit between models. To correct for multiple-hypothesis testing, FDRs were calculated according to Benjamini and Hochberg (47) . 
